ABSTRACT Accurate and precise determination of mechanical properties of nanoscale materials is mandatory since device performances of nano-electromechanical systems (NEMS) are closely related to the flexural properties of the materials. In this study, the intrinsic mechanical properties of highly stressed silicon nitride (SiN) beams of varying lengths are investigated using two different techniques: Dynamic flexural measurement using optical interferometry and quasi-static flexural measurement using atomic force microscopy. The resonance frequencies of the doubly-clamped, highly stressed beams are found to be inversely proportional to their length, which is not usually observed from a beam but is expected from a string-like structure. The mass density of the SiN beams can be precisely determined from the dynamic flexural measurements by using the values for internal stress and Young's modulus determined from the quasi-static measurements. As a result, the mass resolution of the SiN beam resonators was predicted to be a few atto-grams, which was found to be in excellent agreement with the experimental results. This work suggests that accurate and precise determination of mechanical properties can be achieved through combined flexural measurement techniques, which is a crucial key for designing practical NEMS applications such as biomolecular sensors and gas detectors.
INTRODUCTION
In recent years, nano-electromechanical resonators have been the focus of numerous studies due to their desirable properties such as low energy consumption, 1,2 rapid response time, 3 high sensitivities 4 and ease of integration. 5 As a result of the interest shown by both experimental and theoretical researchers, [6] [7] [8] advances in both fundamental and applied science have been achieved through realization of nano-electromechanical systems (NEMS) such as non-volatile memory devices with high speed operation, 9 frequency tunable RF receivers, [10] [11] [12] power generators for energy harvesting 13 and ultra-sensitive mass detectors. [14] [15] [16] [17] [18] [19] Moreover, computational simulations support technical advances in NEMS by predicting and understanding the atomic or molecular interactions and flexural behaviors in NEMS.
Among many materials deemed suitable for NEMS applications, highly stressed silicon nitride (SiN) has been considered one of the most promising candidates for realizing NEMS based high performance sensing devices. The mechanical properties of SiN, in particular high frequency operation and high quality factors, 20, 21 lend themselves well for using this material as sensitive mass, 22, 23 temperature 24 or quantum motion detectors. 25 Due to the increased elastic energy, prestressed SiN based NEMS have high quality factors, 26 hence sensitive device operation can be achievable even at room temperature. 20 Doubly-clamped SiN beams have string-like properties with a simple bending mode shape function that makes them particularly suitable as mass sensors. 21, 22, 27 However, NEMS based high performance sensors are made possible only through intensive study and understanding of the intrinsic mechanical properties of materials, since device performances of NEMS are closely related to the flexural properties of the materials from which they are fabricated. The mass sensitivity of SiN resonators should be inversely proportional to 4 their mass, and it is therefore important to determine the mechanical properties accurately and precisely as the beam dimensions are reduced in order to establish a practical mass detection limit. Thus, accurate and precise characterization of basic mechanical properties such as Young's modulus 28, 29 and intrinsic tensile stress 30 of materials at the nanoscale are crucial factors for designing NEMS structures whose motions can be accurately and reliably predicted.
In this paper, the length dependence of the mechanical properties of highly stressed SiN beams was investigated by both dynamic 31, 32 36, 37 The intensity of the He-Ne laser used for the interferometry measurements was set to around 80 µW to minimize heating effects or structural deformation of the beams.
27,38
Quasi-static flexural measurement. The quasi-static flexural measurements were performed using atomic force microscopy (AFM, Park NX10, Park Systems) based force-distance spectroscopy. The relationship between the force applied by the probe tip and the deflection of The quality factor is estimated to be around 31000. This value is much higher than those observed in conventional silicon devices. 31, 35, 37 The presence of high stress within these beams, imparted during SiN film growth using PECVD, leads to both high resonance frequencies and high Q factors, both of which are desirable parameters for a high performance NEMS device. Figure 2b shows the Q factor dependence on the beam length. It is clearly seen that the Q factors decline from around 30000 to 2400 as the beam length decreases. This phenomenon can be explained by an increase of undercut effect during vibration which is formed by isotropic wet etching process in buffered oxide etchant solution. 21 Since maximum tensile stress and destructive thermal stress of the vibrating beam are mainly generated at the both ends of the beam near the clamping areas, a damping of vibration resulting from partial absence of rigid posts under the clamping regions leads to energy dissipation as the beam length decreases.
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The resonance frequencies of SiN beams with lengths from 4 µm to 24 µm are presented in Figure 2c . The shorter beams show higher resonance frequencies as expected. According to standard beam theory, the formula for a doubly clamped beam under tensile stress can be described by
where f0, t, L, ρ, σint and E represent the first order resonance frequency, thickness, length, mass density, internal stress and Young's modulus, respectively. 20, 32, 39 This formula is suitable for estimating the elastic properties of a doubly clamped beam under stress by considering the effects of both the Young's modulus and the tensile stress.
In the case of low stress doubly clamped SiN beams, the frequency variation upon length is seen to follow the tendency of ordinary unstressed beams where the frequency is inversely proportional to the length squared, since the Young's modulus is the dominant factor for determining a beam's elasticity rather than the applied stress. 37 On the other hand, as clearly seen in Figure 2c , highly stressed beams such as the SiN beams studied in this report exhibit stringlike resonance behavior where the resonance frequency is inversely proportional to the length since the tensile stress becomes the dominant factor, 21 which is in good agreement with the resonance frequencies reported by Unterreithmeier et al. 27 This confirms that elastic properties of SiN beams with quasi-1-dimensional string-like behavior are more affected by the applied tensile stress than by the Young's modulus. 21, 32 For this reason, eq 1 can be simplified to eq 2 by ignoring the Young's modulus term.
Since the beams exhibit such behavior, their resonance frequencies can be reliably predicted with a knowledge of only the length and tensile stress, or the tensile stress in the SiN beams can be estimated from the dependence of the resonance frequency on the beam length.
Generally, the mass density of PECVD grown SiN film is known to be around 2400-2800 kg/m 3 , within the stress range of -600 (compressive) to 600 MPa (tensile). 40 A high tensile stress film is expected to have a relatively lower mass density than a low stress film. By considering the value of 270±6 Hz·m which is the linear fit of the slope in Figure 2c , the tensile stress can be estimated to be in the range of 561±22 MPa to 654±26 MPa using eq 2 by assuming a mass density in the range of 2400-2800 kg/m 3 . As shown in Figure 2c inset, the extracted value of the tensile stress increases as the assumed mass density value increases, because stress and mass density have a proportional relationship, according to eq 2.
The mechanical elastic properties of the beams were also investigated by a quasi-static method using atomic force microscopy (AFM) force-distance measurements. Figure 3a 
where F, δ, T, w and I represent the applied force from the AFM probe tip, deflection of beam, tension, beam width and moment of inertia, respectively.
41,42
The spring constant consists of a combination of two elements related to stress (kσint) and
Young's modulus (kE) as a function of L -1 and L -3 , respectively. kσint is related to the elastic properties for a stretched string, and kE is related to the bending moment of a rigid body. In the case of a SiN beam, both components should be considered to be precise estimations of its elastic properties due to its mechanical bending behavior. By considering the Poisson's ratio (ν) and the moment of inertia for a rectangular cross-section in eq 3, the formula can be re-written as eq 4.
The experimental data in Figure 3b is fitted to a cubic polynomial curve function with A = 2.67 × 10 -4 N and B = 1.83 × 10 -14 N·m 2 in eq 4, respectively. Figure 3c shows the resulting contributions of both the stress (kσint) and the Young's modulus (kE) to the spring constant of the SiN beams. By considering the Poisson's ratio of 0.24 for SiN, 43 we were able to determine the stress and Young's modulus of the SiN beams to be 585±8 MPa and 190±16 GPa, respectively.
It can be shown that as the beam lengths are decreased, the Young's modulus becomes a more dominant factor for defining the elastic spring constant than the stress. Our extracted value of the Young's modulus is consistent with the range of previously reported values. 34, 43, 44 Also, the tensile stress range determined by the quasi-static flexural measurements is consistent with the above results from the dynamic flexural measurement but with lower uncertainty limits. It is therefore possible to use these limits in the dynamic flexural analysis to more accurately determine the mass density of the beams to be within the range 2365-2635 kg/m 3 .
From the results of both measurements, the mass density, tensile stress and Young's modulus of the SiN beams were accurately determined to be 2500±135 kg/m 3 , 585±8 MPa and 190±16
GPa, respectively. Thanks to the complementary measurement techniques, the determined values could be cross-checked. Since both of the measurement techniques are based on non-destructive inspection, those accurate values can be used directly for estimation of the device performance.
In order to investigate the accuracy and reliability of the determined values, mass responsivities of our SiN devices were obtained through observing resonance frequency shifts induced by mass loading after evaporation of Cr on to 14 µm and 22 µm long beams at the same time, using electron beam evaporation. The masses loaded were estimated to be around 0.82 fg and 1.3 fg for 14 µm and 22 µm long SiN beams, respectively, by considering the SiN surface area, the taper angle, the deposition thickness and the mass density of the Cr. 45 As shown in MPa and 190±16 GPa, respectively. By using these experimentally-determined values, the mass resolution of practical, down-scaled NEMS devices was estimated to be around a few atto-grams.
This type of study can be widely used for determining the exact ranges of material properties required to design NEMS devices such as biomolecular sensors and gas detectors with highly predictable and reliable behavior. 
